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ABSTRACT 

D i r e c t  c u r r e n t  motors a re  used i n  p h o t o v o l t a i c  systems. Impor tan t  

c h a r a c t e r i s t i c s  o f  e l e c t r i c  motors a r e  the  s t a r t i n g  t o  r a t e d  c u r r e n t  and to rque 

r a t i o s .  

d i f f e r e n t  f o r  the  va r ious  dc motor types .  

These r a t i o s  a re  d i c t a t e d  by the  s i z e  o f  the  s o l a r  c e l l  a r r a y  and a r e  

The paper dea ls  w i t h  the  c a l c u l a t i o n  

of the  s t a r t i n g  t o  r a t e d  c u r r e n t  r a t i o  and s t a r t i n g  t o  r a t e d  to rque r a t i o  of 

I 
w 

the  permanent magnet, separa te l y ,  s e r i e s  and shunt e x c i t e d  motors when powered 

by s o l a r  c e l l s  for two cases: w i t h  and w i t h o u t  a maximum-power-point-tracker 

(MPPT) i nc luded  i n  the  system. Comparing these two cases, one ge ts  a to rque 

m a g n i f i c a t i o n  o f  about 3 f o r  the permanent magnet motor and about 7 f o r  o t h e r  

motor types .  The c a l c u l a t i o n  of t he  torques may a s s i s t  t he  PV system des igner  

t o  determine whether or n o t  t o  i n c l u d e  an MPPT i n  the  system. 

*On sabba t i ca l  leave from Tel  Av i v  U n i v e r s i t y .  
* *Th is  work was done w h i l e  the  au thor  h e l d  a Na t iona l  Research Counc i l  

(NASA Lewis Research Center)  Research Assoc ia tesh ip ,  on sabba t i ca l  leave from 
Tel Av i v  U n i v e r s i t y .  



INTRODUCTION 

Direct current (dc) motors are used in photovoltaic (PV) drive systems 

(Refs. 1 to 6), for example, in cooling application where the motors drive 

reciprocating vapor compressors, and in water-pumping systems for irrigation 

or water supply where motors drive positive displacement or centrifugal 

pumps. In a direct coupled (with no battery storage) PV system, the solar 

cell array is directly connected to the motor-load couple. 

relatively simple and inexpensive to operate. A direct coupled system may 

include a maximum power point tracker (MPPT) to improve its performance 

whenever it is needed (Ref. 7 ) .  In PV drive systems, such as in water pumping 

systems, the static head may be relatively high causing the motor-load to stay 

in standstill posit on until sufficient torque is developed at relatively high 

insolation. By inc uding an MPPT in the system, the starting torque may 

increase significan ly at lower insolation levels resulting in desired system 

performance. 

These systems are 

The starting to rated current ratio and the starting to rated torque 

ratio are two important characteristics of a dc motor. 

types these ratios are different, and since these motors may be used in 

different applications in PV systems, the starting current and torque ratios 

are characteristics for the PV system designer to calculate. 

with the calculation of the starting current and torque ratios for the 

permanent magnet; separately, series and shunt excited dc motor for two 

cases: ( 1 )  when an MPPT is not included in the system and ( 2 )  when an MPPT is 

included in the system. Current and torque magnification factors are then 

defined by comparing these two cases for various types of the dc motors. The 

analysis of this study may assist the PV system designer to determine whether 

or not to include an MPPT in the design for a specific motor type. The motor 

For various dc motor 

The paper deals 
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torque is related to the motor current, while a high motor starting torque is 

usually a desirable characteristic, a high motor starting current is 

undesirable. 

motor starting torque accompanied with an allowable magnification of the motor 

starting current in a system including an MPPT. 

It is to the advantage t o  obtain a high magnification of the 

The calculation of the motor starting currents and torques of the various 

motor types was made with some assumptions and approximations. 

they are not too far off from real values and, therefore, can be used for 

comparison between the different motors in systems both with and without 

MPPT's. A main assumption is the linear dependence of the magnetic flux on 

the field current. Another assumption reflects the field and armature 

reactances. The currents and torques would result in somewhat lower values 

without these assumptions. 

Nevertheless, 

MOTOR EQUATIONS 

The circuit diagram of permanent magnet, series, shunt and separately 

excited motors are shown in Fig. l(a> t o  (d), respectively. The motor voltage 

and torque equations are: 

where 

Vm 

E the motor-electro-motive force, e.m.f., V 

Ia 

R the motor armature circuit resistance, Q 

4 the motor flux, Wb 

n the motor shaft speed, rpm 

the motor applied voltage, V 

the motor armature current, A 
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T the motor electromagnetic torque, N o m  

ke,kT 

Assuming a linear dependence of the magnetic f l u x  on the field current (a 

linear motor model) one can write the following relations: 

the motor voltage and torque constants, respectively 

(a) for the permanent magnetic motor; 

@ = c1 and T = C2Ia 

( b )  for the series motor; 

+ = C31a, T = C41a, 2 and R = Ra + RS 

(c) for the shunt motor; 

$ = C I  T = C61aIf 5 f and 

1, = Ia  + If and 

T = C71aIf 

(d) for the separately excited motor; 

'm 
If = R,h 

'f 
@ = C&, T = C91aIf, and I f  = R,h 

where 

Im the motor terminal current 

If 

RS 

the shunt and separately excited motor field current 

the series motor field resistance 

Rsh 

Ci-Cg constants 

the shunt and separately excited motor field resistance 

for the permanent magnet and series motors we write: 

Im = I, 

By direct coupling the motor to the solar cells we have: 

Vm = V and 1, = I 

4 
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the 

c e l  

the 

The 

I -v  

where V and I are the a r r a y  vo l tage  and c u r r e n t ,  r e s p e c t i v e l y .  For the 

purpose of comparing the  d i f f e r e n t  motor types, i t  i s  assumed t h a t  the r a t e d  

armature v o l t a g e  drop ( i n c l u d i n g  the vo l tage  drop on the  brushes) for a l l  motor 

types i s  10 percent  o f  the r a t e d  motor te rm ina l  vo l tage .  A good system design 

corresponds t o  r a t e d  motor o p e r a t i o n  Vn, I n  c lose  to  the maximum power p o i n t  

VM, IM of the s o l a r  c e l l  a r r a y .  The i n s o l a t i o n  l e v e l  f o r  r a t e d  motor 

o p e r a t i o n  i s  taken t o  be about 0.8 Sun f o r  the approp r ia te  a r r a y .  The r a t i o  of 

s h o r t  c i r c u i t  c u r r e n t  Is, to the maximum power-current IM o f  the s o l a r  

a r r a y  i s  about 1.2. Th is  r a t i o ;  the armature vo l tage  drop percentage; and 

motor r a t e d  o p e r a t i o n  i s  used i n  the a n a l y s i s  for a l l  motor types, i . e . ,  

I S C  I n R  

'n I M  
and - = 1.2  - = 0.1 I" = In, 'M = vn, ( 1 2 )  

system's o p e r a t i n g  p o i n t  IM, VM i s  determined by the  i n t e r s e c t i o n  o f  t he  

c h a r a c t e r i s t i c s  o f  t h e  s o l a r  c e l l  a r r a y  w i t h  the I - V  c h a r a c t e r i s t i c  of 

the motor ( E q .  ( 1 ) )  as shown i n  F i g .  2 .  The slope o f  t he  motor c h a r a c t e r i s t i c  

i s  8 = tan - l  l / R ,  and s ince the  r e s i s t a n c e  o f  the armature c i r c u i t  i s  low, the 

s lope 8 i s  l a r g e .  A t  t h e  i n s t a n t  o f  motor s t a r t i n g  n = 0, t h e r e f o r e  E = 0. 

The motor c h a r a c t e r i s t i c  i s  thus represented  by a s t r a i g h t  l i n e  w l t h  a s lope of 

t a n - l  1 / R  The s t a r t i n g  c u r r e n t  

i s  approx imate ly  the s h o r t  c i r c u i t  c u r r e n t  o f  the  a r r a y ,  i . e . ,  

pass ing  through the o r i g i n  as shown i n  F i g .  2 .  

1 s t  I s c  ( 1 3 )  

MOTOR STARTING CURRENT AND TORQUE RATIOS WITHOUT AN MPPT I N  THE SYSTEM 

Permanent Magnet Motor 

The motor s t a r t i n g  c u r r e n t  i s :  

1 s t  = I, 0 I s c  ( 1 4 )  
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The starting current ratio i s :  

ISt I,, 
I M  I- = n 

(1 5) 

i.e., this ratio (Eq. (12)) is 1.2. 

The motor starting torque ratio is given by Eqs. (4) and (15), i.e., 

- - -  TSt - ISC (16) 
Tn IM 

where Tst and Tn are the starting and rated torques, respectively. This 

ratio is 1.2. 

Series Excited Motor 

The motor starting current and starting current ratio are: 

ISt = 1, I,, and - Ist = -  Is, 
In IM 

The starting current ratio (Eq. (12)) is 1.2. 

The motor starting torque ratio i s  given by Eqs. ( 5 )  and (16): 
n 
L TSt = (!f) 

Tn 

( 1 7 )  

(18)  

This ratio (Eq. (12)) is 1.44. 

Shunt Excited Motor 

We shall first calculate the rated armature current and torque. 

maximum power point, the rated armature current according to Eq. ( 7 )  is: 

At the 

"M 
*M - R,h 1, = IM - If = 

and the rated motor torque according t o  Eq. (8)  is: 

(19) 

(20) 
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A t  s t a r t i n g  ( E  = 01, t h e  motor i s  rep resen ted  by two r e s i s t o r s  connected i n  

p a r a l l e l :  t h e  armature Ra and f i e l d  Rsh r e s i s t o r s ,  i . e . ,  RaIIRsh. The 

motor t e r m i n a l  c u r r e n t  i s  1, Is,, t h e r e f o r e ,  t h e  armature c u r r e n t  a t  

s t a r t i n g  i s :  

n. Ra II s h 
I a , s t  = Is, R, 

Since 

i . e . ,  1.2. 

RaIIRsh zz Ra, t h e  s t a r t i n g  to  r a t e d  c u r r e n t  r a t i o  i s  about Isc/I~, 

The f i e l d  c u r r e n t  a t  s t a r t i n g  i s :  

Rail s h Z I  - ' f , s t  sc Rsh 

The shunt motor s t a r t i n g  to rque ,  acco rd ing  t o  Eq. (8) becomes: 

2 (Ra11Rsh)2 
T S t  = '7'SC RaRsh 

. and t h e  motor s t a r t i n g  to rque  r a t i o  (Eqs. (20) and (23)) i s :  

( Ra II s h) 
RaRsh 

(21) 

(22) 

(23) 

(24) 

Equat ion (24) can be approximated by IM > >  If and Rsh > >  R, r e s u l t i n g  i n :  

- - -  T s t  = (:;cy - 'MRa 

Tn "M 
(25) 

T h i s  r a t i o ,  acco rd ing  t o  Eq. (12) i s  0.14, i . e . ,  t h e  s t a r t i n g  to rque  r a t i o  of 

t h e  shunt motor i s  v e r y  low and i s  u s u a l l y  n o t  s u f f i c i e n t  t o  overcome t h e  

s t a r t i n g  to rque  o f  t h e  mechanism. 

f i e l d  c u r r e n t  a t  s t a r t i n g .  

T h i s  low v a l u e  i s  a t t r i b u t e d  by t h e  low 
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Separately Excited Motor 

A shunt excited motor may be wired as a separate excited motor by 

connecting the field and the armature circuits to two separate sources. 

this arrangement, we have, at starting, two separate esistive loads: the 

field resistive load, and the armature circuit resist ve load which are 

connected to two separate solar cell sources. It has been shown (Ref. 8) that 

the total output power of loads connected to separate sources is higher than 

the total output power of the same loads when connected to a common source, 

for load lines operating only in the current range of the I-V 

characteristics of the solar cells (Fig. 2 ) .  The higher output power results 

also i n  higher starting torque as is shown in the following analysis. 

In 

A solar cell array is usuaily composed of a number o f  strings connected 

in parallel. 

circuit, and a smaller array for the field circuit according to the power 

requirement of each circuit, as shown in Fig. 3. If 'a' is the number of 

The array can then be split into a larger array for the armature 

strings of the whole array for the shunt motor, 'a-b' would be the number of 

strings for the armature-array, and 'b' would be the number of strings for the 

field-array. 

power point of the field array, i.e., If,M and VM, respectively. Since the 

original unsplit array operated at its maximum power point, IM and VM, the 

field current is: 

The rated field current and voltage correspond to the maximum 

or with Eq. (7) 

The armature current at starting is: 

( 2 7 )  

(28)  



The motor starting current i s  

ratio is I s c / I ~  = 1.2. The starting torque becomes: 

Ia,st + If,M = Is,, and the starting current 

Dividing Eq. (29) by Eq. (20) and with Eq.  (27) we get the starting torque 

ratio of the separate excited motor: 

- TSt 9 -  ISC 
Tn I, 

(29) 

(30) 

i.e., splitting the solar cell array into an armature and field arrays and 

connecting separately the armature and the field circuits t o  the above arrays, 

the starting to rated torque ratio of the shunt motor i s  considerably 

increased, and i s  the same as for the permanent magnet motor, 1 .e., 

Isc/Im 1.2. 

MOTOR STARTING CURRENT AND TORQUE RATIOS WITH AN MPPT IN THE SYSTEM 

By matching the solar cell array t o  the motor by means o f  a “maximum 

power point tracker” (MPPT), the motor operation can be improved. The MPPT 

consists of a power processing circuit, as Buck, Buck/Boost, or Boost (Ref. 9) 

circuits, controlled by a signal circuit unit which drives the power 

processing circuit such that the solar cell array operates at its maximum 

power point. 

controlled time-variable-transformer (TVT) (Ref. 10) in which the 

The power processing circuit of the MPPT can be modeled by a 

transformation ratio k i s  changed continuously, correspondlng to variation 

i n  the load operating point. A system consisting of a solar cell array, an 

MPPT and a dc motor is shown in Fig. 4. The motor i s  represented by the 

circuit resistance R ;  the TVT is assumed to be 

the array power is delivered t o  the motor load. 

ons of the TVT are: 

e.m.f. E 

loss free 

The 

and the armature 

therefore all of 

nputloutput equat 
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[:I = [: 
where k is the transformation ratio. 

0 4 [:I] 
The desired matching is ach 

operates at its maximum power-vo 

The motor voltage equation is: 

eved b; controlling k such th 

tage and current, i .e., 

[:I * [Y 
V, = E + ImR 

Using Eqs. (31) to ( 3 3 )  and solving for k we get: 

The motor voltage Vm and current Im are related 

array by: 

- I  

to VM and 

(31) 

t the array 

( 3 2 )  , 

( 3 3 )  

( 3 4 )  

IM of the 

and 1, = kIM vm = vM 

At motor starting E = 0 and Eq.  ( 3 4 )  reduces to: 

1 / 2  1 / 2  
k s  t +) =(+) 

I MR 

Using Eqs .  ( 3 5 )  and ( 3 6 1 ,  the motor starting current is: 

1 / 2  1 /2 
Im,st +) +) "MI# 

In the previous section we have calculated the starting current and torque 

ratios of the different dc motors when an MPPT was not included i n  the 

( 3 5 )  

( 3 6 )  

( 3 7 )  

system. The starting current and torque are increased when an MPTT is 
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i n c l u d e d  i n  the  system, the  amount of which depends on the  motor type .  The 

increase or the  m a g n i f i c a t i o n  of the  s t a r t i n g  c u r r e n t  and to rque w i l l  now be 

c a l c u l a t e d .  We d e f i n e  c u r r e n t  and to rque m a g n i f i c a t i o n  f a c t o r s  m I  and mT 

by the  r a t i o  o f  t h e  s t a r t i n g  c u r r e n t  and to rque w i t h  an MPPT to  t h e  s t a r t i n g  

c u r r e n t  and torque w i t h o u t  an MPPT, r e s p e c t i v e l y :  

ISt w i t h  MPPT TSt w i t h  MPPT 

= ISt w i t h o u t  MPPT ’ mT Tst  w i t h o u t  MPPT 

Permanent Magnet Motor 

The motor s t a r t i n g  c u r r e n t  w i t h o u t  and w i t h  an MPPT i s  g iven  by Eqs. ( 1 4 )  

and (371, r e s p e c t i v e l y ;  

1 / 2  

f!) 1 /2 
mI = (39) 

I S C  sc sc 

(38) 

Us ing  Eq. ( 1 2 1 ,  t h e  c u r r e n t  m a g n i f l c a t i o n  i s  m I  = 2 . 6 4 .  

to rque i s  d i r e c t l y  p r o p o r t i o n a l  to  the  armature c u r r e n t ,  t he  to rque 

m a g n i f i c a t i o n  i s  a l s o  mT = 2 . 6 4 .  

Since the  motor 

Ser ies  E x c i t e d  Motor 

The s t a r t i n g  c u r r e n t  m a g n i f i c a t i o n  (Eqs. ( 1 2 1 ,  (171, and ( 3 7 )  i s :  

1 / 2  

(!!!!) 112 

mI = = (kr$) = 2 . 6 4  Is, sc 
( 4 0 )  

and s ince  for a s e r i e s  motor the  to rque i s  p r o p o r t i o n a l  to  the  square of the  

armature c u r r e n t  we have: 

( 4 1 )  
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Shunt E x c i t e d  Motor 

A t  s t a r t i n g ,  t h e  e q u i v a l e n t  motor r e s i s t a n c e  i s  RaIIRsh. The motor 

s t a r t i n g  c u r r e n t  i s  g i v e n  by Eq. ( 3 7 ) ,  i . e . ,  

1 / 2  

I m s t  = (&) 
The armature c u r r e n t  a t  s t a r t i n g  i s :  

'I2 R a I IR sh 

I a , s t  = Im ,s t  Ra!RSh a (&) - Ra 

and t h e  f i e l d  c u r r e n t  a t  s t a r t i n g  i s :  

1 / 2  
RallRsh 

I f , s t  = (&) Rf 
The s t a r t i n g  c u r r e n t  m a g n i f i c a t i o n  ( E q .  ( 1 2 )  and Ra < <  RSh) i s  

1 / 2  
1 / 2  

mI = z ($)(&) = 2 . 6 4  I sc 

( 4 2 )  

( 4 3 )  

( 4 4 )  

( 4 5 )  

The motor to rque  i s  p r o p o r t i o n a l  t o  t h e  armature and f i e l d  c u r r e n t ,  and u s i n g  

Eqs. ( 1 2 ) ,  ( 2 1 1 ,  ( 2 2 ) ,  ( 4 3 1 ,  and ( 4 4 1 ,  t h e  to rque  m a g n i f i c a t i o n  f a c t o r  i s :  

- 6 . 9 4  pM 
mT = I2 (R llR ) sc a sh 

( 4 6 )  

i . e . ,  t h e  same as fo r  t h e  s e r i e s  motor. 

Separa te l y  E x c i t e d  Motor 

The shunt motor can o p e r a t e  a s  a s e p a r a t e l y  e x c i t e d  motor by connec t ing  

t h e  armature and f i e l d  c i r c u i t s  to  separate v o l t a g e s  as shown i n  F i g .  5, 

where t h e  f i e l d  c u r r e n t  i s  d i r e c t l y  connected t o  the  a r r a y  t h a t  ope ra tes  a t  

VM and IN, and the  armature i s  powered th rough  t h e  MPPT. The f i e l d  c u r r e n t  

i s :  

12 



(47) 

The power d e l i v e r e d  to  the  armature c i r c u i t  i s :  

"M 
'a 'M - ~ , h  

and the  armature s t a r t i n g  c u r r e n t  accord ing to  Eq. ( 3 7 )  i s :  

(48)  

The s t a r t i n g  c u r r e n t  and to rque m a g n i f i c a t i o n  o f  the  separa te l y  e x c i t e d  motor 

can be c a l c u l a t e d  f o r  two cases depending whether or n o t  t he  s o l a r  c e l l  a r r a y  

can be s p l i t  i n t o  two ar rays :  one for  the  armature c i r c u i t  and the  o t h e r  for 

the  f i e l d  c i r c u i t .  I t  should be noted t h a t  n o t  always i s  i t  wor thwh i le  (or 

p o s s i b l e )  t o  s p l i t  the  a r r a y .  Comparing the m a g n i f i c a t i o n s  t o  a system w i t h o u t  

an MPPT where the  a r r a y  can be s p l i t ,  t he  s t a r t i n g  c u r r e n t  magn i f i ca t i on  

(Eqs. ( 4 7 1 ,  (4911, and I a , s t  + I f , M  Is, i s :  

mI = (IM/Is.)(V / I  R ) 1 ' 2  = 2 . 6 4 .  f '  n n a  S i n c e  1, > >  I 

The s t a r t i n g  to rque m a g n i f i c a t i o n  i s  ob ta ined  by E q s .  (27), (29) ,  (47) ,  and 

(49) ,  

Us ing the  approx imat ion b /a  < <  1,  PM - VM/Rsh 2 
3 PM and Eq. (12) ,  we have: 

13 



2 
mT (k) I,R, ‘n = 6.94 ( 5 2 )  

For the case where the  s o l a r  c e l l  a r r a y  i s  n o t  s p l i t ,  t he  separa te l y  e x c i t e d  

motor operates as a shunt e x c i t e d  motor i n  the  sys tem w i t h o u t  an MPPT. 

t h i s  case, t he  s t a r t i n g  c u r r e n t  m a g n i f i c a t i o n  i s  g i ven  by Eq. (50) s ince  

RaIIRsh 2 Ra. 

( 4 7 > ,  and ( 4 9 ) :  

I n  

The to rque m a g n i f i c a t i o n  f a c t o r  i s  ob ta ined  by Eqs. (21>,  (22>,  

1 /2 
mT = VM’Rsh[(PF( - vi /Rsh)/Ral  

I c(Rall s h l 2  / RaR s h 
(53) 

PM - VM/RSh 2 2 PM, and Eq. (12), we have Wi th the  approx imat ion of RalIRSh 2 Ra, 

I t  should be noted t h a t  the  s t a r t i n g  to rque m a g n i f i c a t i o n  i s  ve ry  h i g h  s ince  

the  s t a r t i n g  to rque o f  t h e  shunt motor w i t h o u t  an MPPT, i s  ve ry  low. I t  i s  

wor thwh i le  ment ion ing  t h a t  i n  a1 

these f a c t o r s  a re  a f u n c t i o n  o f  .he motor parameters Vn, I n ,  R, and t h e  s o l a r  

c e l l  a r r a y  parameters IM and Isc. 

cases o f  c u r r e n t  and to rque m a g n i f i c a t i o n s ,  

CONCLUSIONS 

The s t a r t i n g  c u r r e n t  and to rque r a t i o s  o f  the  permanent magnet; 

separa te ly ,  se r ies ,  and shunt e x c i t e d  dc motors powered by s o l a r  c e l l  a r r a y s  

were c a l c u l a t e d  for systems w i t h  and w i t h o u t  a maximum-power-point-tracker. 

S t a r t i n g  c u r r e n t  m I  and s t a r t i n g  to rque mT m a g n i f i c a t i o n  f a c t o r s  were 

de f i ned  by the  r a t i o  o f  the  s t a r t i n g  c u r r e n t  and s t a r t i n g  to rque o f  t h e  motor 

w i t h  an MPPT t o  t h e  corresponding va lues w i t h o u t  an MPPT. 

summarized i n  Table 1 .  

The r e s u l t s  a re  

The s a l i e n t  r e s u l t  o f  the  s tudy i s  t he  h i g h  
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m a g n i f i c a t i o n  o f  t h e  s t a r t i n g  to rque o f  the  dc motors i n  systems i n c l u d i n g  

M P P T ' s .  I t  a l s o  shows t h a t  whereas t h e  s t a r t i n g  c u r r e n t  m a g n i f i c a t i o n  of a l l  

motor types i s  about the  same, 2 . 6 4  (depending on the  approx imat ion) ,  the  

s t a r t i n g  to rque m a g n i f i c a t i o n  i s  about t h e  same, 6 . 9 4 ,  for t h e  s e r i e s ,  shunt, 

and one o f  p o s s i b l e  connect ion  o f  t h e  separa te l y  e x c i t e d  motors; lower ,  2 . 6 4 ,  

for  the  permanent magnet motor; and ve ry  h igh ,  21.96, f o r  the  o t h e r  p o s s i b l e  

connect ion  o f  t h e  separa te l y  e x c i t e d  motor. The s t a r t i n g  to rque o f  the  shunt 

motor remains low even when an MMPT I s  i nc luded  i n  the  system. The s t a r t i n g  

t o  r a t e d  to rque va lue  of the  permanent magnet motor i s  i n  t he  a l l owab le  range, 

b u t  t he  s t a r t i n g  to rque r a t i o  o f  the  s e r i e s  and separa te l y  e x c i t e d  motor may 

be too h i g h  f o r  the  d r i v e  system. I n  these cases the  MPPT may be c o n t r o l l e d  

to  opera te  o f f  the  maximum power p o i n t  t o  meet the  d e s i r e d  to rque.  

magn i f i ca t i ons  w e r e  ob ta ined  f o r  l i n e a r  modeling o f  the  motors.  

n o n l i n e a r i t y  i s  cons idered,  the  above va lues would somewhat be lower .  The 

a n a l y s i s  p resented  i n  t h i s  paper may a s s i s t  t he  PV system designer  to  

determine the  s t a r t i n g  c u r r e n t s  and torques f o r  the  d i f f e r e n t  motor types,  and 

the  magn i f i ca t i on  o f  these va lues when MPPT's a re  i nc luded  i n  the  s y s t e m .  

The to rque 

I f  
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